Abstract The field electron emission plays a vital role in the process of vacuum discharge breakdown. The electric field strength at the cathode tip is significant to the generation characteristics of vacuum arc metal plasmas. To increase the field strength at the cathode tip, a coaxial electrode plasma source was employed with an insulator settled between the electrodes. The math expression of the field strength is derived based on the Gauss theory. The impact of the insulator on the electric field and parameters of plasmas were investigated by MAXWELL 3D R simulation software and the Langmuir probe. In addition, a composite insulator was adopted to further strengthen the field strength. A series of experiments were performed to focus on the role of the composite insulator in detail. The experimental and simulation results indicate that, a reasonable layout of the insulator, especially the composite insulator, can effectively increase the field strength at the cathode tip and the plasma density.
Introduction
Vacuum arcs provide a simple method for producing large amounts of dense and energetic metal plasmas that can be used in a number of ways, such as the pulsed plasma thruster (PPT) and the ion deposition technology [1−4] . Based on the Fowler-Norheim field emission theory, the electric field strength at the cathode tip is significant to the characteristics of metal plasmas [5, 6] . Our previous study [7] suggested that, for a coaxial electrode plasma source, the electric field distribution could be affected by the insulator settled between the coaxial electrodes. However, the reason has not been fully investigated, and available data are still scarce. Therefore, in this paper, a new approach is proposed to strengthen the field strength and increase the plasma density. The reason is analyzed based on theoretical calculation, and the impact of the insulator on the electric field and generation characteristics of vacuum arc metal plasmas is primarily focused on. We aim to test the feasibility of generating dense and energetic metal plasmas by a reasonable layout of insulators. It is hoped that the existing problems of the pulsed plasma thruster will be resolved to certain extent with the proposed approach.
Experiment

Experimental setup
A schematic of the experimental system is shown in Fig. 1 . A single pulse power with microsecond pulse width and 100-300 A amplitudes was employed in this study, which could realize a 0-20 kV voltage output. The vacuum chamber can be pumped down to a pressure of 10 −4 Pa by a combination of mechanical and oil pumps. In this study, a coaxial electrode plasma source was employed and placed in the vacuum chamber. A needle electrode made of lead and shaped with a diameter of 5 mm, length of 20 mm, and cone angle of 60 o was adopted as the cathode. A tubular-shaped steel anode with inner and outer diameter 10 mm×12 mm was used. An insulating tubes were mounted covering the cathode and in close contact with the electrodes in a coaxial geometry. The state of discharge phenomenon and experimental conditions could be observed by two glass windows around the vacuum chamber.
Measurement system
In this study, the breakdown voltage was measured by a high-voltage probe settled at the end of the cath- * supported by the Scientific Research Starting Foundation for Returned Overseas Chinese Scholars, Ministry of Education, China (Nos. E07C30010 and EJ06014) ode, and the anode kept grounding. The discharge current was observed by a closed loop Hall current sensor with the ratio 1 : 2000. With a 30 Ω sampling resistance, a relation i = 2000u/30 existed between the discharge current i and the signal u. Typical waveforms are shown in Fig. 2 . From Fig. 2(b) we find that, the discharge current was a negative single pulse with 13 µs and 180 A. It is noted that the displacement current has little influence on the discharge current waveform. As a single pulse power was employed in this study, the alternating electric field, which is closely related to the displacement current, barely existed during the process of discharge. Therefore, the discharge current waveform was mainly determined by the conduction current, which reflects the amount of generated plasmas. Furthermore, to improve the accuracy and reliability of experimental data, 10-20 times pre-discharges were performed to realize a relatively stable discharge state. The experiment data were collected after the pre-discharges.
To investigate the parameters of plasmas, the Langmuir probe was adopted in this study. The conventional approach is to place the Langmuir probe into the plasma, drawing the V -I curve and calculating the plasma parameters. However, as a single pulse power was employed, the generation of plasmas was a transient process, so that the common method of Langmuir probe cannot be used in this study. Therefore, an innovative Langmuir probe method was adopted in this study. The Langmuir probe was placed behind the anode beforehand and kept 100 mm away from the cathode tip, as shown in Fig. 1 . The positive voltage was applied to the probe in advance, waiting for the plasmas propagating to the Langmuir probe. Furthermore, to eliminate errors and improve the accuracy and reliability of experimental data, the multi-measurement average method was used in this study. Five discharges were performed under a certain probe voltage. The peak value of the electron current for each discharge was recorded. The mean value was calculated and recognized as the electron current value under this probe voltage. The waveform of the electron current with 20 V probe voltage is shown in Fig. 3 . Through the multi-measurement average method, the results of the electron current could be measured for different probe voltages, and the V -I characteristics curve was drawn and shown in Fig. 4 . The plasma parameters, such as the space potential, the electron temperature and the saturated electron current, could be obtained from the V -I curve. The electron density could be calculated by the formula below, where I es is the saturated electron current (mA), A is the sectional area of the probe (cm 2 ), T e is the electron temperature (eV) and k is the Boltzmann constant.
Through extensive experimental research, the innovative Langmuir probe method in this study could detect a relatively stable electron current waveform changing over time [8] . As the Coulomb force exists, the metal ions and electrons present directional movement in the form of plasmas, driven by the metal ions. The plasmas diffusing into the area near the probe present a thermal equilibrium state. Therefore, it is reasonable for the analysis of plasma parameters using the Langmuir probe method in this study. 
Theoretical calculation
The schematic diagram of a coaxial electrode plasma source with the double-layered insulating tubes is shown in Fig. 5 . Fig. 6 gives the radial sectional view of the cathode tip. ε 1 , ε 2 and ε 3 represent the dielectric constant of vacuum, insulating tube 1 and 2, respectively. In this study, a Gauss section around the cathode tip with the radius ρ x (→ 0) is set. It can be concluded from the Gauss theory that
Therefore,
Suppose U is the voltage applied on both ends of the cathode and anode, it can be derived that
Therefore, for the coaxial electrode plasma source with the double-layered insulating tubes, the electric field strength of the cathode tip E tip can be expressed as follows. In addition, it is obvious that the expression of E tip still applies to the case of the single-layered insulating tube.
It can be concluded from Eq. (5) that, if the electric field strength of the cathode tip E tip was going to be increased, three influencing factors should be taken into consideration.
a. Decrease of the distance between the cathode tip and the insulator (ρ 1 ).
b. Reduction of the thickness of the insulator
c. Selection of appropriate insulators with greater dielectric constant (ε 2 , ε 3 ).
Experimental results and discussion
Based on the above analysis, three influencing factors were primarily discussed in this section. The coaxial electrode plasma source and a single-layered Teflon insulating tube were employed. The electric field distribution was investigated by MAXWELL 3D simulation software. A series of experiments were performed to analyze the impact of insulators on field strength and the generation characteristics of vacuum arc metal plasmas.
The distance between the cathode tip and the insulator
To investigate the impact of the distance between the cathode and the insulator, two experiments were conducted with the single-layered Teflon insulating tube, in which the distances between the cathode tip and the insulator were kept at 2.5 mm and 3.5 mm, respectively. The detailed parameters of the coaxial electrode plasma source and the field simulation results are shown in Fig. 7 . Table 1 lists the plasma parameters for different distances between the cathode tip and insulator. The simulation and experimental results indicate that, the cathode tip has a greater electric field strength of 2.3985×10 7 V/m for the distance of 2.5 mm compared to 1.7649×10 7 V/m for the distance of 3.5 mm; and the plasmas generated with greater field strength at the cathode tip exhibited larger discharge current and higher density. In the experiments, the discharge was observed to occur at the cathode tip. In fact, the cathode triple junction (CTJ) with strong electric field strength does exist in this study. However, from the simulation results shown in Fig. 8 we find that, the field strength at the cathode tip was significantly higher than that at CTJ. Therefore, the discharge position was located at the cathode tip rather than CTJ.
Based on the analysis in section 3.1, the field strength at the cathode tip could be expressed as
where 2.2 represents the dielectric constant of Teflon. By comparing Eqs. (6) and (7), the conclusion E 1 > E 2 could be drawn, which is consistent with the electric field simulation results. Therefore, the electric field strength at the cathode tip can be increased by reducing the distance between the cathode and the insulator. The electric field distribution, especially the field strength at the cathode tip, has a considerable impact on the generation characteristics of vacuum arc metal plasmas. The Fowler-Norheim field emission theory [9] suggests that, for the taper cathode-anode electrode, there exists a relation between the electron current density j and the field strength E expressed as
where Φ represents the metal work function (eV), j is the field electron current density (A/cm 2 ), and E is the electric field strength (V/m). It can be concluded from Eq. (8) that, a positive relationship exists between j and E. In this case, the electron current density is higher for the case with distance 2.5 mm because it owns greater electric field strength, and more field emission electrons would be generated during the discharge. Therefore, the distance between the cathode and the insulator was kept at 2.5 mm in the following experiments. We note that we did not account for the effect of the cathode micro-protrude on the electric field simulation in this study. As the diameter of the cathode micro-protrude is on the micron-scale [9] , the cathode micro-protrude has little influence on the electric field distribution according to our research results. The applied electric field determined by the changes of electrode configuration played a key role in the electric field distribution, especially the field strength at the cathode tip. Therefore, it is reasonable to neglect the impact of cathode micro-protrude on the field simulation. Notwithstanding, the simulation results in this paper accurately show the electric field distribution at the moment of discharge. Furthermore, the experimental results suggest a considerable impact of the electric field distribution on the generation characteristics of vacuum-arc metal plasmas.
Thickness of the insulator
To investigate the impact of the thickness of the insulator, two types of Teflon insulating tubes with the thickness of 2.5 mm and 1 mm were employed. The detailed parameters of the coaxial electrode plasma source and the electric field simulation results are shown in Fig. 9 . Table 2 lists the plasma parameters for the insulators with different thickness. The experimental and simulation results indicate that, the coaxial electrode with the Teflon insulating tube of 1 mm thick possessed greater field strength of cathode tip. The generated plasmas exhibited a lower breakdown voltage, larger discharge current and higher density.
The cathode-tip field strength can be expressed as follows (10) It can be deduced from Eqs. (9) and (10) that E 2 > E 1 , which is consistent with the simulation results. In addition, when the Teflon insulating tube with 1 mm thick was adopted, the distance between the cathode and anode was decreased from 5 mm to 3.5 mm. Therefore, the field strength of the cathode tip was strengthened effectively.
Dielectric constant
To investigate the impact of the dielectric constant, two types of insulating tubes, Teflon and silicone rubber, were adopted. The dielectric constants of Teflon and silicon rubber are 2.2 and 5.8, respectively. The detailed parameters of both insulating tubes were consistent with that shown in Fig. 7(a) . Table 3 lists the plasma parameters with two types of insulators, and the electric field simulation results are shown in Fig. 10 . As the dielectric constant of silicone rubber is higher, the field strength is greater based on the E tip expression. The field strength could be strengthened by using an insulator with greater dielectric constant, and the measured breakdown voltage was lower and the plasma density was higher accordingly. 
Significance of the present study
The experimental results and conclusions can be used to improve the thrust efficiency of a PPT for a micro satellite. Firstly, it is difficult for the PPT, which is restricted by the limitation of its size and weight of the propelling system, to achieve a high-power, highvoltage output [10, 11] . Therefore, through a reasonable layout of insulators, the field strength at the cathode tip can be effectively strengthened, so that the requirements on the discharge power for a micro satellite can be lowered. Secondly, the production of metal ions, which is closely related to the field strength at the cathode tip, is significant to the thrust of PPT [12, 13] . The plasma density could be effectively increased by a reasonable layout of insulators to improve the working performances and thrust efficiency of PPT.
Impact of composite insulator on the electric field
In this study, a composite insulator composed of Teflon and silicone rubber insulating tubes was adopted in this study. A series of experiments were carried out to analyze the role of composite insulator in further increasing the field strength at the cathode tip and producing large amount of metal plasmas.
Different layouts of the composite insulator
In this experiment, the Teflon and silicone rubber insulating tubes were combined to form a composite insulator. Experiments were performed for different layouts of the insulating tubes, including (a) inner Teflon and outer silicone rubber, (b) inner silicone rubber and outer Teflon. Table 4 lists the plasma parameters for different layouts of the composite insulator. The side view of the coaxial electrode plasma source and the electric field simulation results are shown in Fig. 11 . The experimental and simulation results indicate that, firstly, for both composite insulators, the field strength of the cathode tip was greater than that with single-layered Teflon insulator shown in Fig. 7(a) . Secondly, the cathode tip has the field strength of 6.9402×10
7 V/m with layout (a) compared to 4.8723×10 7 V/m with layout (b). For the coaxial electrodes with the composite insulator-inner Teflon and outer silicone rubber, the equivalent circuit could be drawn as shown in Fig. 12 . Based on the boundary and continuity conditions, the electric flux density D was constant (D 1n D 2n =D 3n ) without considering the distribution of free charges. The electric field strength can be expressed as follows. As ε 1 > ε 2 > ε 3 ≈1, the relation E 3n > E 2n > E 1n can be obtained. Therefore, the field strength in the vacuum (E 3n ) can be effectively strengthened by applying composite insulator; the cathode-tip field strength was greater for the composite insulator with layout (a). Furthermore, as Gao Wei [14] demonstrated, when two materials with different dielectric constant ε contact, the electric field lines concentrated towards the material with lower ε, strengthening the field strength. Based on the law of refraction in electrostatic field, there exists an equation on the contact interface of two insulators, as shown in Fig. 13 . It can be concluded that the emergence angle α3 was the minimum. The convergence properties for the electric field lines in the vacuum will be more obvious with further increasing field strength at the cathode tip. Therefore, the field strength at the cathode tip could be strengthened by applying the composite insulator. Table 5 lists the plasma parameters when the main discharge capacitor is charged to 12 kV, 14 kV, and 16 kV. A composite insulator with inner Teflon and outer silicone rubber insulating tubes was used. The detailed parameters were consistent with that shown in Fig. 11(a) . It can be concluded from Table 5 that, the breakdown voltage remained 11 kV, but the discharge current and plasma density increased with rising capacitor charge voltage.
Different capacitor charge voltages
The breakdown voltage was determined by the field distribution between the electrodes. Based on the Heisenberg principle [15] , the field strength required to cause field emission in vacuum is determined by the relation of
where is Planck's constant, m is the mass of an electron, and e is the charge of an electron. It can be concluded from Eq. (12) that, the breakdown voltage is determined by the electric field distribution, which is irrelevant to an increase of the capacitor charge voltage. However, with increasing capacitor charge voltage, the electric charge accumulated and enhanced. As a result, a larger discharge current and higher plasma density could be obtained. 
Double-layered polarization
As the polarization phenomenon occurs frequently with composite insulators, it is essential to discuss the impact of double-layered polarization on the experimental results in this study. The time constant τ of double-layered polarization can be expressed as
As the conductance of the insulator (G 1 and G 2 ) is small enough (≤10 −8 S), thus τ is so large that the process of polarization will take a time from several seconds to tens of minutes [16, 17] . However, a single-pulse power with microsecond pulse width, which was far less than the polarization time, was used in this study. Therefore, the impact of double-layered polarization on the experimental results could be neglected for such a short discharge pulse width.
Conclusion
In this paper, the impact of the insulator, especially the composite insulator, on the electric field strength and the generation characteristics of vacuum arc metal plasmas was investigated in detail. The conclusions are summarized as follows.
a. Based on the theoretical calculation and simulation verification, the field strength at the cathode tip can be strengthened in three ways. For the coaxial electrode plasma source, when the layout of insulators is appropriately arranged, the cathode-tip field strength could be greater and the plasma would exhibit lower breakdown voltage, larger discharge current and higher density.
b. The field strength at the cathode tip can be further strengthened by applying the composite insulator. The electric field lines in the vacuum concentrate more obviously with further increasing field strength at the cathode tip, and metal plasmas with higher density can be generated in this way.
c. For the composite insulator, the electric field and the generation characteristics of vacuum arc metal plasmas are affected by the relative positions between the electrodes and the capacitor charge voltages. However, the double-layered polarization has little influence on the experimental results.
d. This study proposed an effective way to increase the field strength at the cathode tip and the plasma density by a reasonable layout of the insulator, especially the composite insulator. Dense and energetic metal plasmas were measured and obtained. The realization of these characteristic plasmas may be of considerable significance for improving and optimizing the working performances and thrust efficiency of pulsed plasma thrusters.
